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D e s i g n  o f  s o n d e s  f o r  i n  s i t u  m e a s u r e m e n t  o f  z o o p l a n k t o n  o r  o t h e r  s c a t t e r e r s  
r e q u i r e s  c h o o s i n g  a m o n g  a l t e r n a t i v e  t r a n s d u c e r  g e o m e t r i e s .  T h i s  c o n t r i b u t i o n  
a d d r e s s e s  t h e  p r o b l e m  o f  c h o o s i n g  b e t w e e n  c y l i n d r i c a l  a n d  c i r c u l a r  p i s t o n  
t r a n s d u c e r s  b y  c o m p a r i n g  t h e  p e r f o r m a n c e  o f  t h e  t w o  a c c o r d i n g  t o  t h e  p r i n c i p l e  
t h a t  t h e  a c o u s t i c a l l y  a c t i v e  a r e a s  b e  e q u a l .  C o m p u t a t i o n s  a r e  p e r f o r m e d  w i t h  
t h e  a c t u a l  d i m e n s i o n s  o f  s i x  f a b r i c a t e d  c y l i n d r i c a l  t r a n s d u c e r s ,  w h o s e  b e a m  
p a t t e r n s  h a v e  b e e n  m e a s u r e d  b y  t h e  m a n u f a c t u r e r  a t  a  t o t a l  o f  e l e v e n  f r e q u e n c i e s  
s p a n n i n g  t h e  r a n g e  2 7 - 7 1 0  k H z .  N o m i n a l  p o w e r  l e v e l s  a s s i g n e d  t o  t h e  c y l i n d r i c a l  
t r a n s d u c e r s  a r e  a l s o  u s e d  f o r  b o t h  t r a n s d u c e r  t y p e s .  C o m p a r i s o n  o f  t h e o r e t i c a l l y  
c o m p u t e d  b e a m  p a t t e r n s  w i t h  m e a s u r e m e n t  g i v e s  c o n f i d e n c e  i n  t h e  r a d i a t i o n  m o d e l ,  
w h i c h  i s  u s e d  t o  c o m p u t e  t h e  d i r e c t i v i t y  i n d e x  a n d  o n - a x i s  s e n s i t i v i t y  l o s s  d u e  
t o  c u r v a t u r e  o f  t h e  c y l i n d r i c a l  t r a n s d u c e r s ,  r e f e r r e d  t o  a s  t h e  c u r v a t u r e  l o s s .  
U n d e r  i d e n t i c a l  c o n d i t i o n s  o f  e x c i t a t i o n ,  i s o t r o p i c  a m b i e n t  n o i s e ,  a n d  d e t e c t i o n  
t h r e s h o l d  o f  2 0  d B ,  t h e  a c t i v e  s o n a r  e q u a t i o n  i s  e x e r c i s e d  t o  e s t i m a t e  t h e  
m a x i m u m  d e t e c t i o n  r a n g e  o f  b o t h  s i n g l e  t a r g e t s  a n d  m u l t i p l e  t a r g e t s  d i s t r i b u t e d  
t h r o u g h o u t  t h e  s a m p l i n g  v o l u m e .  I n  e v e r y  s i n g l e  c a s e ,  t h e  p e r f o r m a n c e  o f  t h e  
e q u a l - a r e a  c i r c u l a r  p i s t o n  i s  s u p e r i o r  t o  t h a t  o f  t h e  c o r r e s p o n d i n g  c y l i n d r i c a l  
t r a n s d u c e r .  T h i s  i s  d i r e c t l y  a t t r i b u t a b l e  t o  d i f f e r e n c e s  i n  d i r e c t i v i t y  i n d e x  
a n d  c u r v a t u r e  l o s s .  O t h e r ,  p r a g m a t i c  c o n s i d e r a t i o n s  a r g u e  f o r  t h e  c h o i c e  o f  t h e  
c i r c u l a r  p i s t o n  t r a n s d u c e r  o v e r  t h e  c y l i n d r i c a l  t r a n s d u c e r .  T h r e e  p r o b l e m s  
r e q u i r i n g  f u t u r e  t r e a t m e n t  a r e  i d e n t i f i e d .  
R E S U M E :  C O M P A R A I S O N  D E  T R A N S D U C T E U R S - P I S T O N  D E  F O R M E S  C I R C U L A I R E  E T  C Y L I N D R I Q U E  
A  S U R F A C E  E G A L E  
L a  c o n c e p t i o n  d e  s o n d e s  p o u r  l a  m e s u r e  i n - s i t u  d u  z o o p l a n c t o n  o u  d ' a u t r e s  
d i f f u s e u r s  e x i g e  u n  c h o i x  p a r m i  d i f f e r e n t e s  g e o m e t r i e s  d e  t r a n s d u c t e u r s .  C e t t e  
n o t e  c o n c e r n e  l e  p r o b l e m e  d u  c h o i x  e n t r e  d e s  t r a n s d u c t e u r s - p i s t o n  c i r c u l a i r e  e t  
c y l i n d r i q u e  e n  c o m p a r a n t  l e s  p e r f o r m a n c e s  d e s  d e u x  a v e c  l e  p r i n c i p e  d e  s u r f a c e s  
a c t i v e s  e q u i v a l e n t e s .  D e s  c a l c u l s  s o n t  e f f e c t u e s  p o u r  l e s  d i m e n s i o n s  d e  s i x  
t r a n s d u c t e u r s  c y l i n d r i q u e s  e x i s t a n t s ,  d o n t  l e s  d i a g r a m m e s  d ' e m i s s i o n  o n t  e t e  
m e s u r e s  p a r  l e  c o n s t r u c t e u r  p o u r  u n  t o t a l  d e  o n z e  f r e q u e n c e s  c o u v r a n t  l a  g a m m e  
2 7 - 7 1 0  k H z .  L e s  n i v e a u x  d e  p u i s s a n c e  n o m i n a u x  p r e v u s  p o u r  l e s  t r a n s d u c t e u r s  
c y l i n d r i q u e s  s o n t  a u s s i  u t i l i s e s  p o u r  l e s  d e u x  t y p e s .  L a  c o m p a r a i s o n  d e s  d i a g r a m m e s  
d e  d i r e c t i v i t e  c a l c u l e s  t h e o r i q u e m e n t  a v e c  l e s  m e s u r e s  p e r m e t  d e  v a l i d e r  l e  m o d e l e  
d e  r a y o n n e m e n t  q u i  e s t  u t i l i s e  p o u r  c a l c u l e r  l ' i n d e x  d e  d i r e c t i v i t e  e t  l a  p e r t e  d e  
s e n s i b i l i t e  s u r  l ' a x e  d u e  a  l a  c o u r b u r e  d u  t r a n s d u c t e u r  c y l i n d r i q u e ,  d e s i g n e e  
c o m m e  l a  " p e r t e  d e  c o u r b u r e " .  A v e c  d e s  c o n d i t i o n s  i d e n t i q u e s  d ' e x c i t a t i o n ,  u n  
n i v e a u  d e  b r u i t  i s o t r o p i q u e  e q u i v a l e n t  e t  u n  s e u i l  d e  d e t e c t i o n  d e  2 0  d B ,  
l ' e q u a t i o n  d u  s o n a r  a c t i f  e s t  u t i l i s e e  p o u r  e s t i m e r  l a  p o r t e e  m a x i m u m  d e  
d e t e c t i o n  d a n s  l e  c a s  d e  c i b l e s  u n i q u e s  e t  m u l t i p l e s  d i s t r i b u e e s  d a n s  l e  v o l u m e  
d ' e c h a n t i l l o n n a g e .  D a n s  c h a q u e  c a s  s i m p l e ,  l e s  p e r f o r m a n c e s  d u  p i s t o n  c i r c u l a i r e  
s o n t  s u p e r i e u r e s  a  c e l l e  d u  p i s t o n  c y l i n d r i q u e  c o r r e s p o n d a n t .  C e c i  e s t  
d i r e c t e m e n t  i m p u t a b l e  a u x  d i f f e r e n c e s  d a n s  l e s  i n d e x  d e  d i r e c t i v i t e  e t  l e s  p e r t e s  
d e  c o u r b u r e .  S u r  u n  a u t r e  p l a n ,  d e s  c o n s i d e r a t i o n s  d ' o r d r e  p r a g m a t i q u e  p l a i d e  
p o u r  l e  c h o i x  d u  t r a n s d u c t e u r  c i r c u l a i r e  p l u t 6 t  q u e  l e  c y l i n d r i q u e .  L e s  a u t r e s  
p r o b l e m e s  d e m a n d a n t  d e s  e t u d e s  f u t u r e s  s o n t  i d e n t i f i e s .  
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I N T R O D U C T I O N  
F o r  s o m e  y e a r s  t h e r e  h a s  b e e n  d i s c u s s i o n  o n  t h e  u s e  o f  c y l i n d r i c a l  
t r a n s d u c e r s  o n  a  s o n d e  f o r  t h e  i n  s i t u  m e a s u r e m e n t  o f  z o o p l a n k t o n  o r  o t h e r  
s c a t t e r e r s .  A n  a l t e r n a t i v e  i s  t h a t  o f  c i r c u l a r  p i s t o n  t r a n s d u c e r s ,  a s  
u s e d ,  f o r  e x a m p l e ,  i n  H o l l i d a y ' s  r e n o w n e d  M u l t i f r e q u e n c y  A c o u s t i c  P r o f i l i n g  
S y s t e m  ( M A P S )  ( H o l l i d a y  e t  a l .  1 9 8 9 ) .  
H e r e  t h e  o r d i n a r y  a c t i v e  s o n a r  e q u a t i o n  i s  e x e r c i s e d  i n  a n  ambient~ 
n o i s e - l i m i t e d  e n v i r o n m e n t  t o  c o m p a r e  t h e  p e r f o r m a n c e  o f  c y l i n d r i c a l  a n d  
c i r c u l a r  p i s t o n  t r a n s d u c e r s .  A n  i m p o r t a n t  a n a l y s i s  p r i n c i p l e  i s  t h a t  t h e  
a c o u s t i c a l l y  a c t i v e  a r e a s  o f  c o r r e s p o n d i n g  t r a n s d u c e r s  a t  t h e  s a m e  
f r e q u e n c y  b e  e q u a l .  
A n o t h e r  a n a l y s i s  p r i n c i p l e  i s  u s e  o f  t h e  d i m e n s i o n s  o f  c y l i n d r i c a l  
t r a n s d u c e r s  a s  f a b r i c a t e d ,  f o r  w h i c h  t h e  m a n u f a c t u r e r ' s  b e a m  p a t t e r n  
m e a s u r e m e n t s  a r e  a v a i l a b l e ,  a s  w e l l  a s  u s e  o f  n o m i n a l  p o w e r  l e v e l s  
a t t a c h e d  o r  a s s i g n e d  t o  t h e  t r a n s d u c e r s .  T h i s  r e m o v e s  s o m e  o f  t h e  
a b s t r a c t n e s s  o f  t h e  ~ p r i o r i  a r g u m e n t  c o m p a r e d  t o  t h e  p a r t l y  ~ f o r t i o r i  
a r g u m e n t  a d v a n c e d  h e r e .  T h i s  i s  a d d i t i o n a l l y  v a l u a b l e  f o r  r e s o l v i n g  
s o m e w h a t  a  t e c h n i c a l  m a t t e r  c o n c e r n e d  w i t h  t h e  a c o u s t i c  b o u n d a r y  c o n d i t i o n  
o n  t h e  c y l i n d r i c a l  transducer~ w h i c h  i s  g e n e r a l l y  u n k n o w n  a n d  d i f f i c u l t  t o  
k n o w ,  b u t  i s  c l e a r l y  d i f f e r e n t  f r o m  t h a t  w h i c h  u s u a l l y  a p p l i e s  o n  t h e  
p l a n a r  c i r c u l a r  p i s t o n  t r a n s d u c e r .  
T R A N S D U C E R  G E O M E T R I E S  A N D  D I M E N S I O N S  
T h e  i d e a l i z e d  f o r m  o f  t h e  c y l i n d r i c a l  t r a n s d u c e r  i s  a  r i g h t  c i r c u l a r  
c y l i n d e r  o f  l e n g t h  ~ a n d  o u t e r  d i m e n s i o n  2 a .  T h e  a c o u s t i c a l l y  a c t i v e  a r e a  
i s  t h u s  2na~. 
T h e  c i r c u l a r  p i s t o n  t r a n s d u c e r  i s  a s s u m e d  t o  b e  a  p l a n a r  c i r c u l a r  
s u r f a c e  o f  r a d i u s  s  s e t  i n  a n  i n f i n i t e  b a f f l e .  B y  a s s u m p t i o n  o f  e q u a l  
a r e a  w i t h  t h e  r e s p e c t i v e  c y l i n d r i c a l  t r a n s d u c e r ,  ns
2
=2na~ o r  s=(2a~)l. 
S i x  c y l i n d r i c a l  t r a n s d u c e r s  w e r e  f a b r i c a t e d  b y  I n t e r n a t i o n a l  
T r a n s d u c e r  C o r p o r a t i o n ,  S a n t a  B a r b a r a ,  C a l i f o r n i a ,  n o  l a t e r  t h a n  1 9 8 8 ,  w i t h  
I T C  M o d e l  N o .  8 1 5 1 ,  S e r i a l  N o .  0 0 1 .  B e c a u s e  o f  t h e i r  p l a n n e d  s e q u e n t i a l  
a l i g n m e n t  o n  a  c o m m o n  a x i s ,  f o r  u s e  o n  a  s o n d e ,  t h e  t r a n s d u c e r s  w e r e  
r e f e r r e d  t o  a s  " s e c t i o n s "  b y  t h e  m a n u f a c t u r e r .  T h e  t r a n s d u c e r  a s s o c i a t e d  
w i t h  S e c t i o n  A  w a s  i n t e n d e d  t o  b e  d r i v e n  a t  e a c h  o f  t w o  f r e q u e n c i e s ,  2 7  a n d  
3 8 k H z .  S e c t i o n  B  w a s  t o  b e  d r i v e n  a t  7 0  a n d  8 8 k H z ,  C a t  1 0 7 ,  1 2 0 ,  a n d  
1 5 0  k H z ,  D  a t  2 0 0  a n d  2 5 0  k H z ,  E  a t  3 7 5  k H z ,  a n d  F  a t  7 1 0  k H z .  
M a x i m u m  o v e r a l l  d i m e n s i o n s  o f  t h e  s i x  t r a n s d u c e r s ,  a s  r e a d  o f f  I T C  
e n g i n e e r i n g  d r a w i n g  n o .  0 1 7 1 1 0 ,  d a t e d  1 5  A p r i l  1 9 8 8 ,  a r e  p r e s e n t e d  i n  
T a b l e  1 .  C o m p u t e d  r a d i i  o f  c o r r e s p o n d i n g  e q u a l - a r e a  c i r c u l a r  p i s t o n s  a r e  
a l s o  s h o w n ,  a s  a r e  n o m i n a l  e l e c t r i c a l  p o w e r  l e v e l s  a s s i g n e d  t o  t h e  
c y l i n d r i c a l  t r a n s d u c e r s  a n d  a s s u m e d  f o r  t h e  c o r r e s p o n d i n g  c i r c u l a r  p i s t o n  
t r a n s d u c e r s  t o o .  
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Table 1. Transducer dimensions and nominal electrical power levels. 
Cylinder Piston 
Frequencies Length Diameter Area Radius Power 
Section (kHz) (mm) (mm) (mm2) (mm) (w) 
A 27,38 204.5 34.8 22351 84.3 600 
B 70,88 88.8 24.2 6761 46.4 400 
c 107,120,150 58.0 13.2 2400 27.6 200 
D 200,250 33.6 34.3 3619 33.9 150 
E 375 25.3 25.5 2028 25.4 50 
F 710 11.5 14.0 506 12.7 20 
BEAM PATTERNS 
The beam pattern is defined in terms of the transmitting or receiving 
amplitude of the transducers. In the farfield of the transducer when 
transmitting or for a farfield source when receiving, the amplitude can be 
expressed thus: 
-1 f = A f exp (ik-r) dS 
A --
where A is the acoustically active area of the transducer, ~is the 
wavevector, and E is the position vector of the area element dS on 




It can be instructive to develop the beam pattern of a cylindrical 
transducer in stages for two reasons: the boundary condition on the 
transducer is unknown, and the literature appears incomplete on this subject. 
Here the boundary conditions are explicitly given. According to the geometry 
defined above I ~ ·E=k (a sin e cos 'l/J + z cos e) I where 8 is the polar angle 
describing the direction of k relative to the physical axis of the cylinder, 
'l/J is the azimuthal coordinat~ relative to the azimuth of evaluation, namely 
~=0, and z marks the distance along the axis. 
Case i. Acoustically transparent cylinder 
The transducer is assumed to be acoustically sensitive, without 
otherwise affecting the propagation of incoming or outgoing waves. According 
to the geometry defined above, 
_ 1 9v/2 2rr f = ( 2 rra 9v) f f exp ( ik · r) a d'l/J dz (2) 
-t/2 0 --







k~ cos 8 Jo (ka) 
2 
( 3) 
where J (~) is the ordinary Bessel function of order 0. This amplitude is 
normali~ed, as its value in the broadside direction 8=~/2 is unity, and the 
beam pattern is thus given by the expression b=lfl 2. 
Case ~i. Acoustically opaque cylinder 
The first case is clearly unrealizable. A much more realistic case, if 
still an idealization, is that of an acoustically opaque cylinder, by which 
a state of perfect internal baffling is understood. This is represented 
mathematically through the individual element directivity function: cos~ 
for -~/2<~<~/2 and 0 for ~~~~~/2. Equation (1) is thus generalized: 
-1 ~/2 ~/2 
f = A f f exp ( ik · r) cos ~ ad~ dz , ( 4) 
-~/2 -~/2 - -
where A is now the effective, acoustically active area of the transducer, 
namely 
~/2 ~/2 
A J J cos ~ a dljJ dz = 2a~ (5) 
-~/2 -~/2 
In order to perform the integration in equation (4), it is useful to 
note the respective definitions of Anger's and Weber's functions (Abramowitz 
1965) : 
JT ( z) 
\) 
-1 ~ 
7T J cos (vu- z sin u) du (6a) 
0 
~ 
1t ( z) = 7T - 1 J sin (vu - z sin u) du 
'\) 0 
(6b) 
The result of the integration is thus 
f 
sin (k2~ cos 8) ~ i [ Jr 1 ( ka sin 8 ) - it 1 ( ka sin 8 ) ] 2 cos 8 
This can be reduced further, for the function J 1 (~) is just the ordinary 
Bessel function of order 1, J1(~), and t 1 (~)=2/~- H1 (~),where H 1 (~) is 
the Struve function of order 1. 
(7) 
Equation (7) is quite interesting in the present context. In the 
long-wavelength limit, f(~/2)=1. At shorter or finite wavelengths, 
f(~/2)<1. This can be understood in terms of Fresnel zones (Neubauer 
1963, Born and Wolf 1970): because of the curvature of the transducer 
surface, the number of zones increases with decreasing wavelength, or 
increasing frequency. Because of the destructive effect of an increasing 
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n u m b e r .  o f  z o n e s ,  t h e  s e n s i t i v i t y  o f  t h e  t r a n s d u c e r  d e c r e a s e s  w i t h  i n c r e a s i n g  
f r e q u e n c y .  T h i s  l o s s  o f  s e n s i t i v i t y  i s  m e a s u r e d  b y  f ( n / 2 ) .  I t  i s  c o n n e c t e d  
w i t h  t h e  s o - c a l l e d  d i f f r a c t i o n  c o n s t a n t  ( H e n r i q u e z  1 9 6 4 ,  B o b b e r  1 9 6 5 ,  M i l o s i c  
1 9 9 3 )  .  
I n  c o m p u t i n g  t h e  b e a m  p a t t e r n  o f  t h e  a c o u s t i c a l l y  o p a q u e  c y l i n d e r ,  
t h e r e f o r e ,  t h e  l a c k  o f  n o r m a l i z a t i o n  i n  f  i s  t o  b e  r e m e m b e r e d .  T h e  b e a m  
p a t t e r n  i s  c o n s e q u e n t l y  
b  
s i n ( ¥  c o s  8 )  
2  
J"~(ka s i n  8 )  +  :It:~ ( k a  s i n  8 )  
k . Q ,  2  2  
2  
c o s  8  J  
1  
( k a )  +  E
1  
( k a )  
( 8 )  
A n o t h e r  c a n d i d a t e  b o u n d a r y  c o n d i t i o n ,  n o t  c o n s i d e r e d  h e r e ,  i s  t h a t  o f  
t h e  r i g i d  b u t  i n f i n i t e  c y l i n d e r ,  a s  d e s c r i b e d  b y  M o r s e  ( 1 9 4 8 ) .  
N o t w i t h s t a n d i n g  d e s c r i p t i o n  o f  r a d i a t i o n  b y  a n  a r b i t r a r y  a z i m u t h a l  
d i s t r i b u t i o n  o f  t h e  n o r m a l  c o m p o n e n t  o f  s u r f a c e  v e l o c i t y ,  i t  i s  n o t  c l e a r  
h o w  t h i s  c a n  b e  a p p l i e d  t o  t h e  p r o b l e m  o f  t r a n s m i s s i o n  a n d  r e c e p t i o n  b y  a  
c y l i n d r i c a l  t r a n s d u c e r  o f  f i n i t e  l e n g t h .  
T h e  c o m p l i c a t e d  n a t u r e  o f  t h e  b o u n d a r y  c o n d i t i o n  i s  i l l u s t r a t e d  b y  
H o  ( 1 9 9 4 )  f o r  t h e  c a s e  o f  a n  e l a s t i c  c y l i n d r i c a l  s h e l l .  T h e  d i s t r i b u t i o n  
o f  t o t a l  s u r f a c e  p r e s s u r e  i n  a z i m u t h  i s  c l e a r l y  n o n - u n i f o r m  f o r  t h e  c h o s e n  
w a v e n u m b e r - r a d i u s  p r o d u c t  k a = 3 . 0 5 .  F u n d a m e n t a l  p h y s i c a l  r e a s o n s  f o r  t h e  
c o m p l e x i t y  o f  t h i s  s u r f a c e  d i s t r i b u t i o n ,  h e n c e  b o u n d a r y  c o n d i t i o n  t o o ,  a r e  
e l a b o r a t e d  b y  H o  ( 1 9 9 3 ) .  
C i r c u l a r  p i s t o n  t r a n s d u c e r  
F o r  t h e  p l a n a r  c i r c u l a r  p i s t o n  t r a n s d u c e r  o f  r a d i u s  s  i n  a n  i n f i n i t e  
p e r f e c t  b a f f l e ,  t h e  f a r f i e l d  b e a m  p a t t e r n  i s  j u s t  
2 J  
1  




k s  s i n  t 1  
H e r e  8  i s  t h e  p o l a r  a n g l e  d e s c r i b i n g  t h e  f i e l d  d i r e c t i o n  r e l a t i v e  t o  t h e  
a c o u s t i c  a x i s ,  w h i c h  i s  c o i n c i d e n t  w i t h  t h e  p h y s i c a l  a x i s .  
B E A M  P A T T E R N  P A R A M E T E R S  
( 9 )  
S e v e r a l  q u a n t i t i e s  a r e  u s e f u l  f o r  d e s c r i b i n g  t h e  b e a m  p a t t e r n s  o f  
c y l i n d r i c a l  t r a n s d u c e r s .  I n  t h e  l o n g i t u d i n a l  p l a n e ,  i n c l u d i n g  t h e  t r a n s d u c e r  
a x i s ,  t h e s e  a r e  t h e  ( 1 )  h a l f - w i d t h  ~8 o f  t h e  m a i n  l o b e ,  m e a s u r e d  f r o m  t h e  a x i s  
t o  t h e  a n g l e  a t  w h i c h  1 0  l o g  b = - 3  d B ,  ( 2 )  a n g l e  8
1  
b e t w e e n  c y l i n d e r  a x i s  a n d  
f i r s t  s i d e l o b e ,  o r  i t s  c o m p l e m e n t  n / 2 - 8
1
,  a n d  ( 3 )  b e a m  p a t t e r n  l e v e l  a t  t h e  




= 1 0  l o g b ( 8
1
) .  I n  t h e  t r a n s v e r s e  p l a n e ,  p e r p e n d i c u l a r  t o  t h e  
t r a n s d u c e r  a x i s ,  a  u s e f u l  q u a n t i t y  i s  t h e  t o t a l  v a r i a t i o n  i n  t h e  b e a m  
p a t t e r n  w i t h  r e s p e c t  t o  t h e  a z i m u t h a l  a n g l e ,  ~B=10 l o g  { M a x b l j J  ( n / 2 ) }  -
1 0  l o g  { M i n  b l j J  ( n / 2 ) } .  
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For the cylindrical transducers fabricated by International Transducer 
Corporation, the beam patterns were measured by the manufacturer in August 
1988 over 360 deg in both the longitudinal and transverse planes. By 
symmetry, each of the first three enumerated quantities is determined by four 
values. The four beam pattern parameters are presented in Table 2. Included 
with the values derived from the beam pattern plots are the corresponding 
results of theoretical computation based on the measured, maximum overall 
cylindrical transducer dimensions given in Table 1. In fact, each of 
transducer sections A, B, and C, covering the frequency range 27-150 kH~, 
is a stacked array of identical cylindrical elements. The spacing between 
adjacent elements is small and is consequently neglected. In the 
computations, the sound speed is assumed to be 1481.8 m/s (Mackenzie 1981), 
as the ITC measurements were made in a fresh water tank at 20°C, at depth 
1.5 m. By symmetry, the theoretical value for 6B in the transverse plane is 
zero, hence is not shown. 
Table 2. Beam pattern parameters of six cylindrical transducers at eleven 
frequencies. The measured half-beamwidth 68 and angle n/2-8 1 of first 
sidelobe relative to the broadside plane are each averages of the four 
corresponding values. The range of measured values of the first sidelobe 
level B1 is given. In the single case of the transducer at 710 kHz, 
8 1 and B1 could not be determined because of the irregular shape of the 
























































































Two performance measures are chosen for comparison of the equal-area 
cylindrical and circular piston transducers. These are the maximum 
detection ranges for single targets and multiple targets distributed 
throughout the sampling volume. The maximum detection range is computed 
by means of the active sonar equation with ambient-noise-limited 
- 7 -
conditions, assuming a constant detection threshold of 20 dB. Details are 
given here. 
Source level The usual equation for source level (Clay and Medwin 
1977) requires generalization to non-planar transducers for which there is 
generally a loss in sensitivity on the acoustic axis. This affects, firstly, 
the target echo level through the incident signal level, i.e., transmission 
process; and, secondly, both target echo level and ambient-noise level 
through the reception process, but in equal proportions. Thus it is 
convenient to incorporate the described !oss due to transducer ~urvature, CL, 
directly in the expression for source level SL, hence 
SL = 10 log P + DIT - CL + 170.8 (10) 
where P is the transmitted acoustic power in watts, and DIT is the 
transmitting directivity index. The acoustic power is related to the nominal 
electrical power Pel by the basic expression 
P = nPel ( 11) 
where n is the conversion efficiency of the transducer, assumed to be 0.6 
for the particular transducers. The transmitting directivity index is 
defined by the expression 
4TI 
DI = 10 log /bdQ T 
(12) 
where the integration of the transmit beam pattern b is performed over all 
4TI sr. Numerical integration has been employed to compute the integral in 
equation (12) for both transducer types. Computed values for the baffled 
circular piston transducer of radius s agree well with values computed 
according to the ordinary narrow-beam approximation (Urick 1983), namely 
DIT=20 log (ks). Nominal values of the several quantities in equation (10) 
are presented in Table 3. Here the sea temperature is assumed to be 5°C, 
salinity 35 ppt, and depth 0 m, hence the sound speed is 1470.6 m/s 
(Mackenzie 1981). Since the areas of cylindrical and circular piston 
transducers are equal, the acoustic power is common to both. It is observed 
that CL=O for the circular piston transducer. 
Transmission loss For one-way propagation over the range r, this is 
TL=20 logr + ar, where a is the absorption coefficient, given by Francois 
and Garrison (1982). For two-way propagation, the transmission loss is 
just double the one-way loss, or 2TL=40 logr + 2ar. In determining the 
absorption coefficient, the temperature, salinity, and depth take the same 
values as in computation of the source level, respectively 5°c, 35 ppt, and 
0 m, hence with sound speed 1470.6 m/s, and the pH is assumed to be 7.7. 
Values of a used in the performance computations are shown in Table 4. 
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T a b l e  3 .  A c o u s t i c  p o w e r  P ,  t r a n s m i t t i n g  d i r e c t i v i t y  i n d e x  D I T  i n  
d e c i b e l s ,  t r a n s d u c e r  c u r v a t u r e  l o s s  C L  i n  d e c i b e l s ,  a n d  s o u r c e  
l e v e l  S L  i n  d e c i b e l s  r e  1  ~Pa a t  1  m ,  f o r  c o r r e s p o n d i n g  c y l i n d r i c a l  
a n d  e q u a l - a r e a  b a f f l e d  c i r c u l a r  p i s t o n  t r a n s d u c e r s .  
F r e q u e n c y  
C y l i n d e r  P i s t o n  
D I T  
C L  
S L  
D I  
S L  
( k H z )  
P ( W )  
T  
2 7  3 6 0  8 . 8  0 . 9  
2 0 4 . 3  
1 9 . 8  2 1 6 . 1  
3 8  3 6 0  1 0 . 3  
1 . 7  
2 0 5 . 0  2 2 . 8  
2 1 9 . 1  
7 0  2 4 0  9 . 3  2 . 7  
2 0 1 . 2  2 2 . 9  
2 1 7 . 5  
8 8  
2 4 0  1 0 . 2  4 . 1  2 0 0 . 8  2 4 . 8  
2 1 9 . 4  
1 0 7  1 2 0  9 . 3  1 . 9  
1 9 9 . 0  2 2 . 0  
2 1 3 . 6  
1 2 0  1 2 0  9 . 8  
2 . 4  1 9 9 . 0  
2 3 . 1  2 1 4 . 7  
1 5 0  
1 2 0  
1 0 . 7  3 . 6  1 9 8 . 7  2 5 . 0  
2 1 6 . 6  
2 0 0  
9 0  
9 . 6  9 . 7  1 9 0 . 2  
2 9 . 3  2 1 9 . 6  
2 5 0  
9 0  1 0 . 5  
1 0 . 7  
1 9 0 . 2  
3 1 . 2  2 2 1 . 5  
3 7 5  3 0  1 1 .  1  1 1 . 2  1 8 5 . 5  3 2 . 2  
2 1 7 . 8  
7 1 0  
1 2  1 0 . 4  
1 1 . 3  1 8 0 . 7  
3 1 . 7  
2 1 3 . 3  
E c h o  l e v e l  T h e  t w o  m e n t i o n e d  c a s e s  a r e  d i s t i n g u i s h e d .  F o r  a  s i n g l e  
t a r g e t ,  w i t h  t a r g e t  s t r e n g t h  T S ,  t h e  e c h o  l e v e l  i s  
E L  S L  - 2 T L  +  T S  
F o r  m u l t i p l e  t a r g e t s  d i s t r i b u t e d  t h r o u g h o u t  t h e  s a m p l i n g  v o l u m e  V ,  w i t h  
m e a n  v o l u m e  b a c k s c a t t e r i n g  s t r e n g t h  S  ,  
V  
E L  =  S L  - 2 T L  +  S  +  1 0  l o g  V  
V  
T h e  s a m p l i n g  v o l u m e  i s  a s s u m e d  t o  t a k e  i t s  n o m i n a l  v a l u e ,  
V  =  C ' [  2  
2  r  l J l  
w h e r e  T  i s  t h e  p u l s e  d u r a t i o n ,  a s s u m e d  t o  b e  0 . 1  m s ,  a n d  l j J  i s  t h e  
e q u i v a l e n t  b e a m  a n g l e ,  
l J l  =  ! b
2
d n  
( 1 3 )  
( 1 4 )  
( 1 5 )  
( 1 6 )  
T h i s  h a s  b e e n  c o m p u t e d  b y  n u m e r i c a l  i n t e g r a t i o n  f o r  b o t h  t r a n s d u c e r  t y p e s .  
T h e  r e s u l t s  f o r  t h e  c i r c u l a r  p i s t o n  t r a n s d u c e r  a g r e e  c l o s e l y  w i t h  t h e  
s i m p l e  n a r r o w - b e a m  a p p r o x i m a t i o n  ( C l a y  a n d  M e d w i n  1 9 7 7 ) ,  l j J = 5 . 7 8 / ( k s )
2
,  a n d  
a  d e r i v e d  e x p r e s s i o n ,  ' 1 ' = 1 0  l o g  l j J = - D I T  +  7 .  6 .  V a l u e s  a s s u m e d  f o r  ' ¥  i n  t h e  
p e r f o r m a n c e  c o m p u t a t i o n s  a r e  p r e s e n t e d  i n  T a b l e  4 .  
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T a b l e  4 .  A d d i t i o n a l  p a r a m e t e r  v a l u e s  a s s u m e d  i n  t h e  p e r f o r m a n c e  c o m p u t a t i o n s ,  
n a m e l y  a b s o r p t i o n  c o e f f i c i e n t  a ,  e q u i v a l e n t  b e a m  a n g l e  ~ i n  d e c i b e l s ,  n o i s e  
s p e c t r a l  l e v e l  S P L  i n  d e c i b e l s  r e  1 - H z  b a n d ,  a n d  n o i s e  b a n d  l e v e l  N L  i n  
d e c i b e l s .  
F r e q u e n c y  
( k H z )  
2 7  
3 8  
7 0  
8 8  
1 0 7  
1 2 0  
1 5 0  
2 0 0  
2 5 0  
3 7 5  
7 1 0  
a  
( d B / k m )  
6 . 4  
1 0 . 7  
2 1 . 6  
2 6 . 1  
2 9 . 9  
3 2 . 2  
3 7 . 2  
4 5 . 6  
5 5 . 1  
8 6 . 1  
2 2 6 . 6  
~(dB) 
C y l .  P i s t o n  
0 . 5  
- 1 . 0  
0 . 0  
- 1 . 0  
0 . 0  
- 0 . 5  
- 1 . 4  
- 0 . 3  
- 1 . 3  
- 1 . 8  
- 1 . 2  
- 1 2 . 1  
- 1 5 . 1  
- 1 5 . 2  
- 1 7 . 2  
- 1 4 . 4  
- 1 5 . 4  
- 1 7 . 4  
- 2 1 . 6  
- 2 3 . 6  
- 2 4 . 6  
- 2 4 . 1  
S e a  s t a t e  0  
S P L  N L  
2 2 . 8  
2 2 . 4  
2 5 . 3  
2 7 . 1  
2 8 . 7  
2 9 . 6  
3 1 . 5  
3 4 . 0  
3 6 . 0  
3 9 . 5  
4 5 . 0  
5 7 . 2  
5 8 . 2  
6 3 . 7  
6 6 . 5  
6 9 . 0  
7 0 . 4  
7 3 . 3  
7 7 . 0  
7 9 . 9  
8 5 . 2  
9 3 . 5  
S e a  s t a t e  6  
S P L  N L  
4 7 . 0  
4 4 . 5  
4 0 . 1  
3 8 . 6  
3 7 . 5  
3 6 . 9  
3 6 . 2  
3 6 . 2  
3 7 . 1  
3 9 . 8  
4 5 . 0  
8 1 . 3  
8 0 . 3  
7 8 . 6  
7 8 . 0  
7 7 . 8  
7 7 . 7  
7 7 . 9  
7 9 . 2  
8 1 . 0  
8 5 . 5  
9 3 . 6  
N o i s e  l e v e l  T h e  a m b i e n t  n o i s e  i s  a s s u m e d  t o  b e  i s o t r o p i c  a n d  w i t h  a  
l e v e l  s p e c i f i e d  b y  t h r e e  d i f f e r e n t  s o u r c e s .  T h e  K n u d s e n  c u r v e s  d e s c r i b e  
t h e  n o i s e  s p e c t r a l  l e v e l  S P L  d u e  t o  w a v e  a c t i o n .  I t  i s  a  f u n c t i o n  o f  
t r a n s d u c e r  f r e q u e n c y  f  i n  H e r t z  a n d  s e a  s t a t e  n u m b e r  n s s  ( B a r t b e r g e r  1 9 6 5 )  :  
S P L  m b  =  4 6  +  3 0  l o g  ( n  + 1 )  - 1 7  l o g  ( f / 1 0 0 0 )  
a  s s  
( 1 7 )  
T h e  n o i s e  s p e c t r a l  l e v e l  f o r  t h e r m a l  n o i s e  i s  d e s c r i b e d  b y  M e l l e n  ( 1 9 5 2 ) :  
S P L t h  =  - 1 5  +  2 0  l o g  ( f / 1 0 0 0 )  
( 1 8 )  
I t  i s  r e a s o n a b l e  t o  a s s u m e  a  r e c e i v e r  e l e c t r o n i c  n o i s e  l e v e l  t h a t  i s  
e q u i v a l e n t  t o  t h e  t h e r m a l  n o i s e  l e v e l .  I f  S  d e n o t e s  t h e  c o r r e s p o n d i n g  
a n t i l o g a r i t h m ,  t h e n  t h e  s p e c t r a l  n o i s e  l e v e l  d u e  t o  a l l  t h r e e  s o u r c e s  i s  
S P L t o t  =  1 0  l o g  ( S a m b  + 2 S t h )  
( 1 9 )  
T h e  n o i s e  b a n d  l e v e l  N L  i s  j u s t  
N L  =  S P L  +  1  0  l o g  B W  
( 2 0 )  
w h e r e  B W  i s  t h e  r e c e i v e r  b a n d w i d t h  i n  H e r t z .  I n  a l l  o f  t h e  p r e s e n t  
c o m p u t a t i o n s ,  t h e  r e c e i v e r  b a n d w i d t h  i s  a s s u m e d  t o  b e  1 0 %  o f  t h e  t r a n s m i t  
f r e q u e n c y ,  h e n c e  B W = O . l f .  T h e  n o i s e  s p e c t r a l  l e v e l s  a n d  n o i s e  b a n d  l e v e l s  
a s s u m e d  i n  t h e  c o m p u t a t i o n s  a r e  s t a t e d  i n  T a b l e  4 .  
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Sonar equation The several quantities are combined in the ordinary, 
active sonar equation, given ambient-noise-limited conditions. This is 
(Urick 1983) 
EL - ( NL - D I ) = DT R ( 21) 
where DIR is the receiving directivity index, and DT is the detection 
threshold. Here, DIR=DIT. The detection threshold is assumed uniformly to 
be 20-dB. That is, the signal-to-noise ratio is chosen to be 20 dB, in 
·order to ensure unambiguous signal detection. The single unknown in the 
sonar equation where EL is given by equation (13), assuming a parametric 
value for TS, is the range r. This is the sought maximum range for 
single-target detection. The corresponding unknown in the sonar equation 
where EL is given by equation (14), assuming a parametric value for Sv, is 
the maximum range for multiple-target detection. 
RESULTS AND DISCUSSION 
Results of the described performance computations are presented in 
Tables 5 and 6. Table 5 pertains to single targets according to equations 
(13) and (21), and Table 6, to multiple targets according to equations (14) 
and (21). A range of values of target strength and mean volume 
backscattering strength are examined, in both cases from -120 to -60 dB. 
Maximum detection ranges less than 0.05 m are not shown, but in fact ranges 
less than the Rayleigh distance, which is the effective transducer area 
divided by the acoustic wavelength (Clay and Medwin 1977), are uncertain 
for lying within the transducer nearfield. 
In every single instance, the performance of the baffled planar circular 
piston transducer is superior to that of the respective equal-area 
cylindrical transducer. This is to be expected from two considerations. 
(1) The directivity index of the equal-area circular piston transducer is 
considerably greater than that of the corresponding cylindrical transducer. 
According to Table 3, the difference is in the approximate range 10-20 dB, 
but the directivity index appears twice in the ambient-noise-limited sonar 
equation: in the term for source level, as DIT, and in the term for 
discrimination against isotropic ambient noise, as DIR. (2) Because of the 
curvature of the cylindrical transducer, it suffers an on-axis loss in 
sensitivity to which the circular piston transducer is exempt. This is 
described by the term CL in equation (10), with numerical values in Table 3. 
Computation of both the directivity index and the sensitivity loss for 
the cylindrical transducer, according to the present theoretical method, 
depends on the acoustic boundary condition. As observed in the Introduction, 
this is indeed problematical. However, by reference to the beam pattern 
measurements on the six fabricated cylindrical transducers, confidence is 
gained in the particular assumed boundary condition, the acoustic opacity 
described in the section on beam patterns. The respective values of beam 
pattern parameters in Table 2 support this use. 
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Table 5. Maximum single-target detection range in meters for 
equal-area cylindrical and circular piston transducers, with 
dimensions in Table 1, assuming ambient-noise-limited 
conditions and detection threshold of 20 dB. 
Frequency TS Sea state 0 Sea state 6 
(kHz) (dB) Cylinder Piston Cylinder Piston 
27 -120 2.5 9.2 0.6 2.3 
27 -110 4.4 16.3 1.1 4.1 
27 -100 7.9 28.7 2.0 7.3 
27 -90 13.9 50.3 3.5 12.9 
27 -80 24.5 87.1 6.2 22.8 
27 -70 43.0 148.0 11.0 40.0 
27 -60 74.8 245.2 19.4 69.6 
38 -120 2.7 12.2 0.8 3.5 
38 -110 4.7 21.4 1.3 6.1 
38 -100 8.4 37.4 2.4 10.8 
38 -90 14.8 64.3 4.2 19.0 
38 -80 25.9 108.3 7.4 33.3 
38 -70 45.0 176.9 13.1 57.4 
38 -60 77.0 277.8 23.0 97.3 
70 -120 1.5 8.1 0.6 3.5 
70 -110 2.6 14.2 1.1 6.1 
70 -100 4.6 24.6 2.0 10.8 
70 -90 8.2 41.9 3.5 18.8 
70 -80 14.3 69.6 6.2 32.4 
70 -70 24.7 111.4 10.9 54.5 
70 -60 42.1 170.9 18.9 88.9 
88 -120 1.3 8.5 0.7 4.5 
88 -110 2.3 14.9 1.2 7.8 
88 -100 4.0 25.6 2.1 13.7 
88 -90 7.1 43.3 3.7 23.7 
88 -80 12.5 70.8 6.6 40.1 
88 -70 21.6 111.5 11.5 65.9 
88 -60 36.7 167.6 19.9 104.5 
107 -120 1.0 4.6 0.6 2.8 
107 -110 1.7 8.0 1.0 4.9 
107 -100 3.0 13.9 1.8 8.6 
107 -90 5.3 23.9 3.2 14.9 
107 -80 9.3 40.3 5.7 25.5 
107 -70 16.2 65.6 9.9 42.8 
107 -60 27.6 102.7 17.2 69.4 
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T a b l e  5 .  
( C o n t . )  
F r e q u e n c y  
T S  
S e a  s t a t e  0  
S e a  s t a t e  6  
( k H z )  
( d B )  
C y l i n d e r  
P i s t o n  
C y l i n d e r  
P i s t o n  
1 2 0  
- 1 2 0  0 . 9  
4 . 8  
0 . 6  
3 . 1  
1 2 0  - 1 1 0  
1 . 6  8 . 3  
1 . 1  
5 . 5  
1 2 0  
- 1 0 0  
2 . 9  1 4 . 5  
1 . 9  
9 . 7  
1 2 0  - 9 0  
5 . 0  
2 4 . 8  
3 . 3  1 6 . 8  
1 2 0  - 8 0  
8 . 8  
4 1 . 5  
5 . 9  2 8 . 6  
1 2 0  
- 7 0  1 5 . 3  
6 7 . 1  
1 0 . 3  
4 7 . 4  
1 2 0  
- 6 0  
2 6 . 2  1 0 4 . 1  
1 7 . 7  
7 5 . 9  
1 5 0  
- 1 2 0  
0 . 8  5 . 0  
0 . 6  
3 .  8  
1 5 0  
- 1 1 0  
1 . 4  8 . 7  
1 . 1  
6 . 8  
1 5 0  - 1 0 0  
2 . 5  1 5 . 1  
1 . 9  
1 1 . 8  
1 5 0  - 9 0  
4 . 4  2 5 . 7  
3 . 4  2 0 . 2  
1 5 0  - 8 0  
7 . 7  4 2 . 5  
6 . 0  
3 3 . 8  
1 5 0  
- 7 0  
1 3 . 4  6 7 . 8  
1 0 . 4  
5 5 . 0  
1 5 0  
- 6 0  2 2 . 9  
1 0 3 . 5  
1 8 . 0  
8 5 . 7  
2 0 0  - 1 2 0  
0 . 4  
6 . 1  
0 . 3  
5 . 4  
2 0 0  
- 1 1 0  
0 . 7  1 0 . 6  
0 . 6  
9 . 4  
2 0 0  
- 1 0 0  1 . 2  
1 8 . 0  
1 . 0  
1 6 . 1  
2 0 0  - 9 0  
2 . 1  3 0 . 1  
1 . 8  2 7 . 0  
2 0 0  - 8 0  
3 . 6  
4 8 . 6  
3 . 2  4 3 . 9  
2 0 0  
- 7 0  
6 . 4  7 5 . 2  
5 . 7  6 8 . 6  
2 0 0  
- 6 0  1 1 . 1  1 1 0 . 8  
9 . 8  1 0 2 . 2  
2 5 0  - 1 2 0  
0 . 3  6 . 3  
0 . 3  
6 . 0  
2 5 0  - 1 1 0  
0 . 6  1 1 . 0  
0 . 6  
1 0 . 3  
2 5 0  - 1 0 0  1 . 0  
1 8 . 6  
1 . 0  
1 7 . 5  
2 5 0  - 9 0  
1 . 8  3 0 . 6  
1 . 7  
2 9 . 0  
2 5 0  - 8 0  
3 . 2  4 8 . 6  
3 . 0  4 6 . 2  
2 5 0  
- 7 0  
5 . 7  7 3 . 6  
5 . 3  7 0 . 5  
2 5 0  - 6 0  
9 . 8  1 0 6 . 4  
9 . 3  1 0 2 . 4  
3 7 5  - 1 2 0  
0 . 2  4 . 0  
0 . 2  
3 . 9  
3 7 5  - 1 1 0  0 . 3  6 . 9  
0 . 3  
6 . 8  
3 7 5  - 1 0 0  
0 . 6  1 1 . 7  
0 . 6  1 1 . 6  
3 7 5  
- 9 0  
1 . 1  
1 9 . 4  
1 . 1  
1 9 . 1  
3 7 5  
- 8 0  1 . 9  3 0 . 7  
1 . 9  
3 0 . 3  
3 7 5  - 7 0  
3 . 3  4 6 . 7  
3 . 3  4 6 . 1  
3 7 5  - 6 0  5 . 8  6 7 . 5  
5 . 7  
6 6 . 8  
7 1 0  - 1 2 0  0 . 1  1 . 8  
0 . 1  
1 . 8  
7 1 0  - 1 1 0  
0 . 2  3 . 2  
0 . 2  
3 . 2  
7 1 0  
- 1 0 0  
0 . 3  5 . 3  
0 . 3  
5 . 3  
7 1 0  
- 9 0  
0 . 5  
8 . 7  
0 . 5  
8 . 7  
7 1 0  
- 8 0  
0 . 9  1 3 . 6  
0 . 8  
1 3 . 5  
7 1 0  
- 7 0  
1 . 5  2 0 . 3  
1 . 5  2 0 . 2  
7 1 0  - 6 0  2 . 6  2 8 . 9  
2 . 6  
2 8 . 8  
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Table 6. Maximum multiple-target detection range in meters for 
equal-area cylindrical and circular piston transducers, with 
dimensions in Table 1, assuming ambient-noise-limited 
conditions and detection threshold of 20 dB. 
Frequency Sv Sea state 0 Sea state 6 
(kHz) (dB) Cylinder Piston Cylinder Piston 
27 -120 1.8 5.7 0.1 0.4 
27 -110 5.6 17.9 0.4 1.1 
27 -100 17.5 53.6 1.1 3.6 
27 -90 52.5 147.7 3.5 11.2 
27 -80 144.9 348.1 11.0 34.4 
27 -70 342.9 678.5 33.6 98.9 
27 -60 670.7 >1000.0 97.0 250.5 
38 -120 1.7 7.2 0.1 0.6 
38 -110 5.4 21.9 0.4 1.8 
38 -100 16.6 62.6 1.4 5.7 
38 -90 48.6 156.8 4.3 17.4 
38 -80 126.6 326.4 13.2 50.6 
38 -70 276.7 568.3 39.0 131.2 
38 -60 502.0 864.9 104.9 284.3 
70 -120 0.6 3.2 0.1 0.6 
70 -110 1.9 9.7 0.3 1.8 
70 -100 5.8 28.0 1.1 5.6 
70 -90 17.2 71.4 3.3 16.9 
70 -80 47.0 151.6 10.1 46.1 
70 -70 109.0 268.2 29.2 107.4 
70 -60 209.3 412.9 73.9 207.0 
88 -120 0.4 2.8 0.1 0.8 
88 -110 1.3 8.6 0.3 2.4 
88 -100 4.0 24.8 1.1 7.3 
88 -90 11.9 62.4 3.3 21.3 
88 -80 33.2 130.9 10.2 55.0 
88 -70 79.6 229.4 28.7 118.6 
88 -60 157.6 350.6 70.7 213.0 
107 -120 0.3 1.1 - 0.4 
107 -110 0.8 3.4 0.3 1.3 
107 -100 2.5 10.3 0.9 3.9 
107 -90 7.5 28.7 2.8 11.7 
107 -80 21.6 68.8 8.6 32.1 
107 -70 54.4 136.5 24.3 75.4 
107 -60 114.1 228.7 60.1 146.4 
- 1 4  -
T a b l e  6 .  
( C o n t . )  
F r e q u e n c y  
s v  
S e a  s t a t e  0  
S e a  s t a t e  6  
( k H z )  ( d B )  C y l i n d e r  P i s t o n  C y l i n d e r  P i s t o n  
1 2 0  - 1 2 0  0 . 2  
1 . 1  
-
0 . 5  
1 2 0  - 1 1 0  
0 . 7  
3 . 3  
0 . 3  
1 . 5  
1 2 0  - 1 0 0  2 . 1  
1 0 . 0  
0 . 9  
4 . 5  
1 2 0  - 9 0  
6 . 4  
2 7 . 8  
2 . 8  
1 3 . 3  
1 2 0  - 8 0  1 8 . 6  6 6 . 1  
8 . 6  
3 5 . 7  
1 2 0  - 7 0  4 7 . 4  
1 3 0 . 0  
2 4 . 3  
8 0 . 8  
1 2 0  - 6 0  1 0 0 . 8  2 1 6 . 5  
5 9 . 2  
1 5 1 . 4  
1 5 0  - 1 2 0  0 . 2  
0 . 9  
-
0 . 6  
1 5 0  
- 1 1 0  0 . 5  2 . 9  
. 3  1 . 7  
1 5 0  - 1 0 0  1 . 5  8 . 8  
. 9  
5 . 3  
1 5 0  - 9 0  4 . 5  
2 4 . 4  
2 . 7  
1 5 . 5  
1 5 0  - 8 0  
1 3 . 2  
5 7 . 9  
8 . 1  
3 9 . 8  
1 5 0  - 7 0  3 4 . 6  
1 1 3 . 6  
2 2 . 6  
8 5 . 3  
1 5 0  - 6 0  7 6 . 5  
1 8 8 . 7  
5 4 . 4  
1 5 2 . 1  
2 0 0  
- 1 2 0  
-
0 . 9  
-
0 . 7  
2 0 0  - 1 1 0  0 . 1  
2 . 7  
-
2 . 1  
2 0 0  
- 1 0 0  0 . 4  
8 . 1  
0 . 3  
6 . 4  
2 0 0  
- 9 0  1 . 1  2 2 . 2  
0 . 9  
1 8 . 0  
2 0 0  - 8 0  
3 . 5  5 1 . 6  
2 . 7  
4 3 . 6  
2 0 0  
- 7 0  1 0 . 3  
9 9 . 1  
8 . 1  
8 7 . 2  
2 0 0  - 6 0  2 7 . 2  
1 6 2 . 0  
2 2 . 2  
1 4 7 . 0  
2 5 0  
- 1 2 0  
-
0 . 8  
-
0 . 7  
2 5 0  
- 1 1 0  
-
2 . 4  
-
2 . 1  
2 5 0  
- 1 0 0  0 . 3  7 . 1  
. 2  
6 . 4  
2 5 0  - 9 0  
0 . 8  1 9 . 3  
. 7  1 7 . 5  
2 5 0  
- 8 0  2 . 5  4 4 . 5  
2 . 2  
4 1 . 0  
2 5 0  - 7 0  7 . 4  
8 4 . 6  
6 . 6  
7 9 . 5  
2 5 0  
- 6 0  1 9 . 9  
1 3 7 . 2  
1 8 . 0  
1 3 0 . 9  
3 7 5  
- 1 2 0  
-
0 . 3  
-
0 . 3  
3 7 5  - 1 1 0  
-
0 . 9  
-
0 . 8  
3 7 5  
- 1 0 0  
-
2 . 6  
-
2 . 5  
3 7 5  
- 9 0  
0 . 3  7 . 6  
.  3  
7 . 3  
3 7 5  
- 8 0  0 . 8  
1 9 . 0  
. 8  
1 8 . 6  
3 7 5  
- 7 0  2 . 5  
3 9 . 8  
2 . 4  
3 9 . 1  
3 7 5  
- 6 0  7 . 1  
6 9 . 7  
6 . 9  
6 8 . 7  
7 1 0  
- 1 2 0  
7 1 0  
- 1 1 0  
-
0 . 2  
-
0 . 2  
7 1 0  
- 1 0 0  
-
0 . 6  
-
0 . 6  
7 1 0  
- 9 0  
1 . 8  
-
1 . 8  
7 1 0  
- 8 0  
0 . 2  
4 . 9  
0 . 2  
4 . 9  
7 1 0  
- 7 0  
0 . 6  
1 1 . 2  
0 . 5  
1 1 . 1  
7 1 0  
- 6 0  
1 . 6  
2 1 . 1  
1 . 6  
2 1 . 0  
- 1 5  -
T h e  d i r e c t i v i t y  i n d e x  a n d  s e n s i t i v i t y  l o s s  f a c t o r  m a y  b e  c o m b i n e d  i n  
t w o  u s e f u l  m e a s u r e s  o f  p e r f o r m a n c e .  T h e  f i r s t ,  d u e  t o  U r i c k  ( 1 9 8 3 ) ,  i s  
u s e f u l  f o r  c h a r a c t e r i z i n g  t r a n s d u c e r  p e r f o r m a n c e  a g a i n s t  s i n g l e  t a r g e t s ,  
P F  =  S L  - ( N L  - D I  )  
1  R  
( 2 2 )  
T h e  s e c o n d  m e a s u r e ,  b y  s i m p l e  e x t e n s i o n ,  i s  u s e f u l  f o r  c h a r a c t e r i z i n g  
t r a n s d u c e r  p e r f o r m a n c e  a g a i n s t  m u l t i p l e  t a r g e t s  d i s t r i b u t e d  t h r o u g h o u t  t h e  
s a m p l i n g  v o l u m e ,  
P F  
2  
=  S L  +  1 '  - ( N L - D I R )  
( 2 3 )  
T h e .  f i r s t ·  m e a s u r e  i s  c o m p u t e d  f o r  e a c h  t r a n s G . u c e r  t y p e  a n d  e a c h  o f  t . h e  s e a  
s t a t e s  i n  T a b l e  7 .  I n c l u d e d  i n  t h e  t a b l e  i s  t h e  a c o u s t i c  i n t e n s i t y  I ,  
d e r i v e d  b y  d i v i d i n g  t h e  a c o u s t i c  p o w e r  i n  T a b l e  3  b y  t h e  r e s p e c t i v e  t o t a l  
t r a n s d u c e r  a r e a .  
T a b l e  7 .  P e r f o r m a n c e  f i g u r e  P F
1  
f o r  e q u a l - a r e a  c y l i n d r i c a l  a n d  
c i r c u l a r  p i s t o n  t r a n s d u c e r s ,  a n d  a c o u s t i c  i n t e n s i t y  I  o n  t h e  
t r a n s d u c e r  s u r f a c e .  
F r e q u e n c y  S e a  s t a t e  0  S e a  s t a t e  6  
I  
( k H z )  C y l i n d e r  
P i s t o n  
C y l i n d e r  P i s t o n  
( W / c m
2
)  
2 7  
1 5 5 . 9  1 7 8 . 7  1 3 1 . 8  
1 5 4 . 6  1 . 6  
3 8  1 5 7 . 1  1 8 3 . 7  
1 3 5 . 0  
1 6 1 . 6  
1 .  6  
7 0  
1 4 6 . 8  1 7 6 . 7  1 3 1 . 9  
1 6 1 . 8  3 . 5  
8 8  1 4 4 . 5  1 7 7 . 7  1 3 3 . 0  
1 6 6 . 2  3 . 5  
1 0 7  1 3 9 . 3  1 6 6 . 6  
1 3 0 . 5  1 5 7 . 8  5 . 0  
1 2 0  1 3 8 . 4  1 6 7 . 4  1 3 1 . 1  
1 6 0 . 1  5 . 0  
1 5 0  1 3 6 . 1  1 6 8 . 3  1 3 1 . 5  
1 6 3 . 7  5 . 0  
2 0 0  
1 2 2 . 8  
1 7 1 . 9  
1 2 0 . 6  1 6 9 . 7  2 . 5  
2 5 0  1 2 0 . 8  1 7 2 . 8  
1 1 9 . 7  
1 7 1 . 7  
2 . 5  
3 7 5  1 1 1 . 4  1 6 4 . 8  1 1 1 .  1  
1 6 4 . 5  1 . 5  
7 1 0  
9 7 . 6  
1 5 1 . 5  
9 7 . 5  
1 5 1 . 4  2 . 4  
R e f e r e n c e  t o  t h e  c a v i t a t i o n  t h r e s h o l d  ( U r i c k  1 9 8 3 )  i n d i c a t e s  t h a t  t h i s  
i n c r e a s e s  r a p i d l y  w i t h  f r e q u e n c y .  T h e  a c o u s t i c  i n t e n s i t y  f o r  t h e  c y l i n d r i c a l  
t r a n s d u c e r s  s h o w s  t h e  e x p e c t e d  d e p e n d e n c e  u p  t o  a b o u t  1 5 0  k H z .  A t  h i g h e r  
f r e q u e n c i e s ,  t h e  i n t e n s i t y  i s  f a r  l e s s  t h a n  t h e  e s t i m a t e d  a v e r a g e  a n d  f a r  
l e s s  t h a n  i s  o r d i n a r i l y  u s e d  i n  t h e  d e s i g n  o f  p l a n a r ,  r e s o n a n t  t r a n s d u c e r s ,  
f o r  e x a m p l e ,  t h e  c i r c u l a r  p i s t o n  t r a n s d u c e r  c o n s i d e r e d  i n  t h i s  w o r k .  I n  
g e n e r a l ,  s u c h  a  t r a n s d u c e r  i s  m e c h a n i c a l l y  m o r e  r o b u s t  t h a n  a  c y l i n d r i c a l  
t r a n s d u c e r  a n d  c a n  t o l e r a t e  b e i n g  d r i v e n  a t  a  h i g h e r  e l e c t r i c a l  p o w e r  l e v e l  
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than is used with the cylindrical transducers above 150 kHz. Thus, for 
the circular piston transducers at these higher frequencies, the performance 
figures in Table 7 and the maximum detection ranges in Tables 5 and 6 are 
underestimates. 
Cylindrical transducers undoubtedly have application in underwater 
acoustics, including fisheries acoustics. A current example is in 
observation of food pellets in a fish-farming pen (Juell et al. 1993). For 
measurement of dispersed or locally inhomogeneous aggregations of plank~on 
and other weak scatterers, the conventional circular piston with equal area 
clearly gives superior performance. 
There are pragmatic considerations too for choosing between different 
transducer types. Here, the circular piston transducer is also the better 
choice, for it is cheaper and easier to fabricate than is the corresponding 
equal-area cylindrical transducer. Inspection of the measured beam patterns 
in the transverse plane of the cylindrical transducers, describing the 
azimuthal dependence, are particularly revealing of practical difficulties 
in fabrication, for the range of variation with azimuth exceeds 3 dB for 
five of the six transducers, at nine of the eleven frequencies. In 
principle, it should be zero. 
A further advantage of the circular piston transducer is 
standardization. Given the complexity of the general process of underwater 
acoustic mensuration, avoidance of special devices is a general rule, with 
particular force for multiple-frequency sondes. 
Three matters not addressed here but deserving of future treatment are 
identified. (1) The precise range, number, and spacing of transducer 
frequencies require optimization for the scatterer species and sizes of 
interest. This naturally depends on the scattering properties of target 
organisms. (2) Given specification of a particular set of transducer 
frequencies, the radii of the transducers must be chosen apropos of their 
arrangement on a sonde. A major aim of this might be to ensure the 
greatest possible coincidence or overlap of sampling volumes. 
(3) Performance of the ultimately chosen set of transducers should be 
calculated on the basis of a generally closer approach to the cavitation 
limit than has been assumed at all frequencies in the present analysis. 
Clearly, performance will be enhanced under ambient-noise-limited 
conditions by driving transducers at higher power levels, consistent with 
avoiding cavitation, especially at the highest frequencies, where 
absorption is a major cause of attenuation. 
ACKNOWLEDGEMENTS 
J. Dalen is thanked for sharing an engineering drawing of six 
cylindrical transducers configured as a sonde, together with the 
manufacturer's beam pattern measurements of the same transducers. 
D. V. Holliday is thanked for communications on the transducer diffraction 
constant. H. Klaveness is thanked for a discussion on the cavitation limit 
of circular piston transducers, and H. Nes, for a discussion on noise. 
T. Knutsen's interest in the comparative analysis and its documentation is 
gratefully acknowledged. N. Diner is thanked for rendering the abstract. 
- 17 -
REFERENCES 
Abramowitz, M. 1965. Struve functions and related functions. In Handbook 
of mathematical functions, pp. 495-502. Ed. by M. Abramowitz and I. A. 
Stegun, Dover, New York. 1046 pp. 
Bartberger, C. L. 1965. Lecture notes on underwater acoustics. U.S. Naval 
Air Development Center Rep. no. NADC-WR-6509, Johnsville, Pennsylvania. 
(Defense Documentation Center acquisition no. AD468869.) 415 pp .. 
Bobber, R. J. 1965. Diffraction constants of transducers. J. acoust. Soc. 
Am., 37: 591-595. 
Born, M., and Wolf, E. 
Pergamon, Oxford. 
1970. Principles of optics. Fourth edition. 
808 pp. 
Clay, C. s., and Medwin, H. 1977. Acoustical oceanography: principles and 
applications. Wiley, New York. 544 pp. 
Francois, R. E., and Garrison, G. R. 1982. Sound absorption based on ocean 
measurements. Part II: Boric acid contribution and equation for total 
absorption. J. acoust. Soc. Am., 72: 1879-1890. 
Henriquez, T. A. 1964. Diffraction constants of acoustic transducers. 
J. acoust. Soc. Am., 36: 267-269. 
Ho, J.-M. 1993. Acoustic scattering by submerged elastic cylindrical 
shells: Uniform ray asymptotics. J. acoust. Soc. Am., 94: 2936-2946. 
Ho, J.-M. 1994. Ray techniques in structural acoustics and vibration. 
In Proceedings of Third International Congress on Air- and Structure-
Borne Sound and Vibration, Montreal, 13-15 June 1994. (In press) 
Holliday, D. V., Pieper, R. E., and Kleppel, G. S. 1989. Determination of 
zooplankton size and distribution with multifrequency acoustic 
technology. J. Cons. int. Explor. Mer, 46: 52-61. 
Juell, J. E., Furevik, D. M., and Bjordal, A. 1993. 
salmon farming by hydroacoustic food detection. 
Engineering, 12: 155-167. 
Demand feeding in 
Aquacultural 
Mackenzie, K. V. 1981. Nine-term equation for sound speed in the oceans. 
J. acoust. Soc. Am., 70: 807-812. 
Mellen, R. H. 1952. The thermal-noise limit in the detection of underwater 
acoustic signals. J. acoust. Soc. Am., 24: 478-480. 
Milosic, Z. 1993. Comments on "Diffraction constants of acoustic 
transducers" [J. Acoust. Soc. Am. 36, 267-269 (1964)]. J. acoust. Soc. 
Am. , 9 3 : 12 0 2 . 
Morse, P. M. 1948. Vibration and sound. Second edition. McGraw-Hill, 
New York. 468 pp. [Reprinted by the American Institute of Physics, 1976] 
- 18 -
Neubauer, W. G. 1963. A summation formula for use in determining the 
reflection from irregular bodies. J. acoust. Soc. Am., 35: 279-285. 
Urick, R. J. 1983. Principles of underwater sound. Third edition. 
McGraw-Hill, New York. 423 pp. 
